The aim of this study was to evaluate the phytotoxicity of different doses of paper pulp sludge on Alfisol soil in order to determine the potential use of the sludge as a soil improver. The organic waste was physically and chemically characterized to determine the presence of nutrients and heavy metals which is important for plant growth. The germination index (GI), the radicle length and the hypocotyl length of Lactuca sativa L. and Lolium perenne L. were evaluated for six doses of sludge/ soil: 10, 25, 50, 75, 100 and 150 t ha -1
Introduction
By the year 2004, Chile became the fifth largest exporter of paper pulp with a production of 2.5 million tons per year (Luraschi, 2005) . The production in the country has increased in recent years with a rate of 4.94 million tons per year by 2008
1 . Considering that this industry is continuously growing, the need to find an ecological solution for waste generation is imperative, especially when the prospective trend indicates that the world demand for this product will increase.
Paper pulp sludge contains organic matter and several nutrients such as Fe, Ca, and P, which are very important in plant growth: It presents high pH values (>7.0) indicating lower acidity which affects nutrient availability for plants and microorganism; has adequate porosity benefiting damaged soils which lack nutrients; and improves the porosity of the soil which influences the soil's ability to maintain moisture (Esparza, 2004) . Moreover in Chile, the susceptibility to accelerated erosion and the high rate of its occurrence depend mainly on land use, favored by rugged geomorphology, climate, soil properties and the nature of vegetation cover, the growth of intense agricultural activities, applied fertilizers and pesticides, and forest activities (Ellies, 2000; Flores et al., 2010) . The forest activities include burning of native vegetation across large areas, resulting in soil erosion extending beyond the elimination of valuable topsoil and loss of natural nutrients (Ellies, 2000; Flores et al., 2010) . In 1979, erosion affected 46% of the total country (Pérez and González, 2001) , and in 2010 the problem amplified to 49.1% 2 . Regarding the studied soil located in the Maule Region, erosion in this area is around 48.7%, representing 1.48 million hectares of soil surface with some degree of damage (Flores et al., 2010 Several countries such as Austria, Finland and France have laws that authorize the reuse of sludge from the pulp and paper making process in land spreading, agriculture and forestry (Gendebien et al., 2000) . The idea was borne out of the need to utilize waste and minimize its disposal in landfills in order to decrease contamination and firm's costs. Mandates obliging prior treatment of waste before dumping will ameliorate the aforementioned problems associated with waste disposal (Gendebien et al., 2000) . Consequently, as an alternative to discarding potentially reusable paper pulp waste, the initiative to use it to treat damaged soil is presented. Previously reported results demonstrated the possibility to use paper mill sludge as fertilizer in agricultural and forest soils, taking advantage of the high content of nutrients and organic matter in the sludge, its pH-regulator capacity and its porosity which permit the amendment of destruction caused by erosion (Honorato and Bonomelli, 2002) .
In Chile, paper pulp sludge has been studied as a volcanic soil amender, with results indicating this waste is a potential soil improver (Aravena et al., 2007; Gallardo et al., 2007; Gallardo et al., 2009; Gallardo et al., 2010) . The use of municipal sludge, salmon manure from pisciculture and from lake-cage farming on different types of soils have also being studied (Celis et al., 2007; Sandoval et al., 2010; Sandoval et al., 2011; Celis et al., 2011) . In addition to the above-mentioned studies, this paper focuses on the use of paper pulp sludge in Alfisol soil. However, there are several concerns regarding this optional soil amender, as it must be proved that the sludge does not contain hazardous compounds such as resin acids and resin acid neutrals, or high concentrations of heavy Phytotoxic effect of paper pulp sludge on Alfisol soil metals such as arsenic, cadmium, copper, mercury, nickel, lead, selenium and zinc which could limit soil application. Furthermore, the waste must not be dangerous for crops and forest plantations, nor be harmful to humans, animals or the environment (Fraser et al., 2009 
Material and methods

Pulp sludge and soil samples
A primary paper pulp sludge sample was obtained from treated, non-bleached, Kraft mill wastewater, which was deposited in a pre-disposal pool belonging to a Kraft paper pulp production enterprise. The samples were taken in 25 subgroups at different depths in each of the four sides of a rectangular collection pool, obtaining a total of four subsamples. These four samples where then homogenized and treated as one sludge sample.
Soil samples were taken from the surface at a depth of 20 cm of granithic and degraded soil, which was identified as Alfisol soil, in a zone located 7 km from Cauquenes (35º 97S, 72º 24W), corresponding to a sub-humid Mediterranean zone with annual precipitation averaging 695 mm, concentrated in fall and winter; the annual average temperature is 14.7 ºC, with a minimum of 4.7º C in July and a maximum of 27º C in January (Del Pozo and Del Canto, 1999) .
The soil used in this study was taxonomically classified as Mollic Palexeralfs (CIREN, 1994) , a clayey textured soil, with high slopes (>15%) and 1.4 g cm -3
bulk density.
Toxicity bioassays
Tests were performed using six treatments consisting of different doses of sludge added to the soil: T 1 = 10 t ha -1 ; T 2 = 25 t ha -1
; T 3 = 50 t ha -1 ; T 4 = 75 t ha -1 ;
T 5 = 100 t ha -1 ; T 6 = 150 t ha -1 ; a control (containing soil in distilled water and no sludge added) AS and a positive control, to assure total seed inhibition with 0.001 M Zn (II), were considered. Since there exist no normative towards applying pulp paper sludge in soil, the one to apply water waste sludge in soil which permits a maximum of 90 t ha -1 per year of sludge in soil, depending on pH an heavy metals, was used as a reference. However in this experiment it was also desired to find a response to lower, medium and high doses, a reason for setting the parameters between 10 and 150 t ha -1 . The treatments and the soil control were homogenized, packaged in plastic bags and incubated in a chamber (in order to stabilize the sludge) with automatically controlled temperature (25±2 ºC) and humidity (60-70%) for a period of 15 days. This stabilization process is needed to reduce the organic matter decomposition rate, humidity and to avoid microorganism proliferation (Jokela et al., 1997) .
Bioassays were performed after the incubation period on diluted extracts of 1:10 ratio (50 g sludge: 500
mL distilled water) of each sludge/soil treatment and controls, as described by Sobrero and Ronco (2004) .
A single layer of 30 seeds of Lactuca sativa L. were placed in a covered 10 cm Petri dish on Whatman Nº 3 filter paper previously moistened with 5 mL of the prepared extracts. Subsequently, each dish was covered and placed in plastic bags to avoid humidity loss.
The petri dishes were placed in the germination chamber at 22 ± 2 ºC for 120 hours in darkness (US EPA, 1999). Radicles and hypocotyls emerging from seeds
were measured with a metric ruler after the germination period. A seed was considered germinated when a radicle structure was visible after which the dishes were placed in a freezer at -3 ºC; After defrosting the dishes, the biological material had a soft consistency, facilitating measurements on radicle and hypocotyl.
Germination index (GI) was calculated according to Tiquia and Tam (2000) . The same process was done with Lolium perenne L.
Analytical methods
Physical and chemical characterizations of the sludge and soil samples were performed in the laboratories of the Department of Soil and Natural Resources of the University of Concepción.
Paper pulp sludge and soil samples were analyzed according to Sadzawka et al. (2005) 
Results and discussion
The Alfisol chemical analysis showed that some nutrient values were below the parameters of what is considered a fertile soil (Carrasco et al., 2002; Vidal, 2007) : organic matter (OM) between 1-3%, available N (NO 3 +NH 4 ) < 11 ppm, Olsen-P (< 5 ppm), S-SO 4 < 4 ppm, B between 0.1-0.3 ppm, indicating an eroded soil in need of an amender. Celis et al. (2007) studied the use of organic wastes on degraded Alfisol soil, whose parameters were slightly different from the results presented here; nonetheless, both researches showed that acidic soils have a tendency towards low OM and Olsen-P values.
Initial characteristics of paper pulp sludge shown in Table 1 indicates that it presented neutral pH (7.26),
high OM (> 6 %), Olsen-P (≥ 30.1 ppm), S-SO 4 (> 25 (Carrasco et al., 2002; Vidal, 2007) , correspond to the quantities in a pure sample; in this study, diluted samples were used and hence these numbers does not represent a risk of potential toxicity. Heavy metals contents were also determined: As (< 40 ppm), Cd (< 40 ppm), Cu (< 1200 ppm), Hg (< 20 ppm), Ni (< 420 ppm), Pb (< 400 ppm), Se (< 100 ppm) and Zn (< 2800 ppm).
According to Supreme Decree Nº 4/2009 for land application of sludge from municipal wastewater, these results indicate no excesses of these elements in mud applied to a degraded soil.
With regard to the physical properties, the bulk density (0.598 g cm-3) of the sludge is considerably lower than that of the soil (1.5 g cm-3) which suggests that the waste porosity is greater, favoring water accumulation and gas exchange (García-Orenes et al., 2005) . This result is consistent with the results obtained by Sandoval et al. (2011) where sewage sludge was used as a soil amender, proving that the contribution of soil organic matter to waste is to decrease the bulk density and increase the total porosity. Moreover, usable sludge moisture (20.4%) significantly increase to 150% (higher than usable soil moisture of 7.8%), resulting in an efficient use of water resource due to the greater moisture retention capacity of the sludge. This is in good agreement to the research of Esparza (2004) who determined that paper pulp sludge added to Andisol soils also improves the moisture retention capacity. From the soil and sludge/soil treatment analysis after 15 days of incubation, shown in Table 2 , it was possible to identify that the soil acidity decreased when a higher waste dose was added, in conformity with the study by Torkashvand et al. (2010) . Thus, at 150 t ha -1 of mud, the soil pH increased 1.39 times, an important data to consider when amending eroded acid forest soils. Aravena et al. (2007) obtained similar results after 15 days of incubation during the treatment of volcanic soils with pulp sludge; however, the pH values decreased at day 75 of incubation. In addition, this pH increase which is due to the different bases, especially Ca + in this case (Millán et al., 2010) , did not have negative effects on nutrient availability in this study. In treatments with > 50 t ha -1 of added sludge, OM increased an average of 1%. Considering that more than a 100% of the initial OM was added to the soil, this was interpreted as positive because an increase in OM levels improves moisture retention and soil structural stability through the formation of aggregates (Sandoval et al., 2010) . This increase is statistically significant (p ≤ 0.05) which is in agreement to the results obtained by Aravena et al. (2007) who determined that an addition of 54% of OM to the soil causes major changes. Quantity levels of available nitrogen (nitrate and ammonium) in the soil increased from 2% to 32.7% mainly due to the incubation process, while sludge addition increased this value to 55.3% for a dosage of 25 t ha -1 . In relation to concentrations of available N, it increased for a 50 t ha -1 dosage to the soil, similar to results obtained by Aravena et al. (2007) . Although greater Phytotoxic effect of paper pulp sludge on Alfisol soil amounts of added waste to soil resulted in a decrease of N availability, the percentage of the element in all sludge/soil treatments were maintained at a medium level according to the nutrient categories in soil proposed by Riquelme et al. (2004) ; thus, these results also suggest neither lixiviation nor underground water contamination will exist as well as no occurrence of toxicity due to nitrate surplus (Antimán and Martínez, 2005) . Phosphorous levels increased in all treatments where waste was supplemented to the soil; however, the concentrations reached are still low considering the availability of the nutrient in the soil (Carrasco et al., 2002) . Nonetheless, this input is interesting as this element in Chile is usually added to soil as an inorganic fertilizer which is imported with an associated cost (Espinoza, 2009) . Calcium presented a similar behavior, increasing its concentration as much as mud was supplemented and surpassing the middle rank for the element concentration in the soil (Carrasco et al., 2002; Riquelme et al., 2004) .
Magnesium concentration also tended to augment to added sludge doses to soil, surpassing a middle level for the element as shown in Table 2 . However, a measure of suitability of organic residues as a nutrient source for plant growth (deduced from the ratio of the contents of Ca to Mg) is generally accepted at a minimum ratio of 6:1 (Nunes et al., 2008) . In these treatments, the ratio increased from 3.35 (T 1 ) to 6.81 (T 6 ), suggesting that despite the high concentrations of Ca and Mg in the soil, this might be beneficial to plant growth. Sodium was present in high concentration in all treatments where paper sludge was added to the soil in comparison to the control; no value was higher than the initial concentration in the soil before sludge/soil incubation. This initial quantity shown in Table 1 surpass the nutrient concentration limit in a medium category; thus the effect of sludge in the soil was found to be positive since it decreased the excess Na (Carrasco et al., 2002; Riquelme et al., 2004) . Sulfate presented the highest values, considerably surpassing the maximum concentration limit in Alfisol soils at 150 t ha -1 of sludge; however, when 10 and 50 t ha -1 were added, the sulfate level stayed within the acceptable parameters for soil nutrition (Riquelme et al., 2004) . Regarding Fe and
Mn, suitable levels of these elements were observed for plant growth and a decrease occurred while the amount of waste increased, as shown in Figure 1 .
This is beneficial because elevated levels of Fe and
Mn and the absence of oxygen could cause toxicity problems. This is in accordance with results obtained by Torkashvand et al. (2010) who demonstrated that increased doses of paper mill sludge resulted in decreased concentrations of these elements in the soil.
Zn values increased with increasing doses of mud.
The concentration at 50 t ha -1 of sludge, however, was maintained in the medium category according to Carrasco et al. (2002) and Riquelme et al. (2004) .
Similar results were found by Gallardo et al. (2012) who also determined an inverse correlation between the concentration of Zn and the pH of the soil, suggesting that increased pH diminishes the availability of Zn to plant. All the sludge/soil treatments including the control resulted in an increase in the availability of K in comparison to the initial concentration in the Alfisol soil shown on Table 1 ; the quantities that were within acceptable limits (Carrasco et al., 2002; Riquelme et al., 2004) . The concentration of B and Al remained below the medium category, while that of Cu was over the medium category. (Riquelme et al., 2004) . T1=10 t ha-1, T2=25 t ha-1, T3=50 t ha-1, T4=75 t ha-1, T5=100 t ha-1 and T6=150 t ha-1; after 15 days of incubation.
Lactuca sativa L. and Lolium perenne L. toxicity assays
According to germination assays performed with Lactuca sativa L., there were no significant dif- (Celis et al., 2007) . This could be due to the fact that the characteristics of the degraded soil and the wastes used as fertilizer were different in both studies; however, when comparing our different sludge treatments to the control in this experiment, it indicates no phytotoxic effects using paper pulp sludge.
Results in Figure 3 with Lolium perenne L. show a significant difference (p > 0.05) in treatment T 3 when the maximum value for radicle length reached (45.5 mm). In results for hypocotyl length there were also significant differences (p > 0.05) between treatment T 3 and treatments T 2 and T 6 , resulting in a length of 33.8 mm when 50 t ha -1 was added to soil. 
Conclusions
